Twenty forage samples were collected and selected for variation in nitrate content. Each forage sample was analyzed 4 times by 4 different methods: diphenylamine spot plate, spectrophotometric, nitrateselective electrode, and high-performance liquid chromatographic. Five feed extracts were spiked with 2 different amounts of nitrate and analyzed by each method. The spectrophotometric and nitrate-selective electrode had similar percent recoveries, which were close to 100%. The nitrate-selective electrode method had the least variation of the 4 methods. The diphenylamine spot plate method had the poorest average recovery, greatest variation, and was the least accurate. The average coefficients of variation for all samples within a method were 15%, 12%, 6.4%, and 16% for the diphenylamine spot plate, spectrophotometric, nitrate-selective electrode, and high-performance liquid chromatographic methods, respectively. The variation in the nitrate-selective electrode method was lower (P < 0.05) than the other methods. The results from this study suggest that the nitrate-selective electrode method is more accurate and precise than the other methods of analysis tested.
Nitrate toxicity can be an important cause of production losses in the cattle industry. 2, 5 The LD 50 of nitrate in cattle appears to be approximately 1 g/kg body weight with a potential lethal dose of about 0.5 g/kg when fed as a part of the forage. However, the LD 50 was much lower when given as a drench, suggesting that the rate of intake is a factor in the toxicity of nitrate. 4 Acute nitrate toxicity also appears to be a function of the dietary status of the animal because diets with readily available carbohydrates appear to decrease the toxicity of nitrate. 1 One investigator considered forages containing between 0.34% to 0.45% nitrate-nitrogen (1.5-2.0% nitrate) as potentially toxic, 10 whereas another investigator stated that cattle fed a poor or deficient ration died from a nitrate level of 0.7%. 3 At 1% nitrate forage may be expected to result in acute toxicity. 9 Therefore it is important that the nitrate content of forages be known prior to feeding.
Four forage samples were sent to 16 laboratories for nitrate analysis in an attempt to evaluate interlaboratory variation. 7 The coefficients of variation (CV) for the samples ranged from 12.8% to 55%, and the average recovery from a spiked sample was 105%. A nitrate-specific electrode method was used by 9, Cd reduction by 5, and a calorimetric method by 2 of the laboratories. The authors indicated that the results were unacceptable and that it should be possible to obtain CV values of 15% or less on samples with the level of nitrate present.
Users of nitrate analytical results should also be made aware that different laboratories express nitrate content differently. The forms that nitrate has been expressed as include: nitrate (N0 3 -), potassium nitrate (KNO 3 ), and nitrate-nitrogen (N0 3 --N). Additionally, some laboratories express concentrations as ppm or percent and the analysis may be performed on an "as is" or on a "dry matter" basis.
The objectives of this study were (1) to compare the accuracy of nitrate analysis of forage by the diphenylamine spot plate, spectrophotometric, nitrate-selective electrode, and high-performance liquid chromatographic methods; (2) to determine the repeatability of nitrate analysis of forage by the 4 methods listed above.
Materials and methods
Twenty forage samples (oat hay, sorghum-Sudan hay, grass hay, fresh clippings from grass pastures, and alfalfa-pigweed hay), representing various nitrate levels, were collected and analyzed for nitrate. Samples were dried overnight at 85 C and ground in a Wiley mill a with a 1-mm screen. Thirty milliliters of deionized water was added to 0.5 g of ground sample in a 200-ml beaker. The previous step was performed 4 times resulting in 4 replicates of each sample. Samples were heated to boiling and boiled for 5 min. After cooling, approximately 2 g of activated charcoal was added and the extract was filtered through a Whatman no. 5 filter paper into a 50-ml volumetric flask. Each beaker was rinsed into the volumetric flask using 2 10-ml aliquots of deionized water. Extracts were diluted to volume with deionized water and mixed. A blank was prepared by adding approximately 2 g of activated charcoal to 30 ml of deionized water and processed as above. Each extract was analyzed for nitrate by 4 different methods. detection of nitrate is achieved without overloading the column. The carbonate/bicarbonate eluent was used because of The results of the assay done on the 20 forage samples the unavailability of the column manufacturer's recommended lithium borate gluconate eluent at the beginning of were analyzed for the CV.
the project. Comparison of the 2 eluents following this study showed greater baseline stability using the lithium borate gluconate eluent, yet no difference in the measured nitrate concentrations was observed. Both UV (214 nm) and conductivity (0.05 µS FS) detection were used with good agreement between detectors. The agreement between detector systems indicates that matrix interferences were not a problem. Only the UV data were reported because the baseline for UV in this system was more stable, has a lower detection limit, and is unresponsive to other common biological anions such as chloride, phosphate, and sulfate.
Two additional extracts of 5 forage samples were prepared and spiked with 88 and 176 ppm nitrate (in that 0.5 g of forage is extracted into 50 ml, this is equivalent to 0.88% and 1.76% forage nitrate, respectively) and analyzed by each method. The forage samples spiked consisted of samples 1, 2, 4, and 5 (Table 2) and 1 sample that contained no detectable nitrate by all 4 methods. The average percent recovery was determined by comparing the amount recovered after spiking the sample to the mean nitrate-nitrogen level observed in the unspiked sample for the specific method.
standard. b
Five, 10, 25, 50, and 100 ppm nitrate-nitrogen standards were prepared fresh daily from a 1,000 ± 10 ppm commercial
The 4 methods used are described as follows: Diphenylaminespot plate method 6 (SPOT) . In a white spot plate well, 0.25 ml of extracts, standards, blank, or spiked (0.2 g diphenylamine in 100 ml of concentrated sulfuric acid) extracts was mixed with 0.25 ml of diphenylamine solution and the color allowed to develop for 10 min. The unknown color intensity was visually compared to that of the standards and the concentration of the extract estimated. If the color of an extract was more intense than the highest standard, an
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appropriate dilution was made of the extract solution and the process repeated.
Spectrophotometric method c (SPEC). Ten milliliters of extracts, standards, blank, or spiked extracts was transferred into 25-ml volumetric flasks and diluted to volume with deionized water. One reagent pillow c was added to each volumetric flask via a funnel, sealed with parafilm, and mixed. The absorbance was determined spectrophotometrically d at 500 nm after at least a 5-min reaction time but no more than 30 min. The absorbance of the extracts was compared to the standards by linear regression. If the absorbance of any ex-than the other methods tested, and the standard deviation was less for these 2 methods. The SPOT method appeared to be the least accurate of all methods.
Average recovery for the 5 feed extracts spiked with 2 different levels of nitrate-nitrogen, 20 ppm and 40 ppm, are shown in Table 1 . Average percent recovery for the SPEC and NSE methods were closer to 100% Table 2 reports mean concentrations and %CV of the 4 repetitions within each method for each sample. Repeated measurement of the same extract is a method for testing precision. The variation in the NSE method was lower (P < 0.05) than the other 3 methods, which did not differ significantly. tract was greater than the highest standard, an appropriate dilution of the solution was made and the above procedure Discussion A computerized HPLC system e was used. Eluent, standards, was repeated. and samples were filtered through a 0.45-µm filter. A primary Nitrate-selective electrode method 8 (NSE) .
injection volume of 100 µl was used. However, the autosam-A microprocespler has variable injection volume capability, allowing as sor ionanalyzer b equipped with reference and nitrate-specific much as a 20-fold dilution without physical dilution of the sample prior to reinjection. Nitrate was eluted from a high electrodes b was used in the concentration mode. The analyzer capacity anion-exchange column with a 1.7 mM carbonate/ 1.8 mM bicarbonate eluent at a flow rate of 2 ml/min. A was calibrated with 100 and 25 ppm nitrate-nitrogen soluhigh capacity column was selected due to the widely varying concentrations of anions present in forage extracts. Take as tions according to the instrument instructions. The concenan example an extract containing a high concentration of chloride and a low concentration of nitrate. Separation and tration of nitrate-nitrogen was determined for each extract. If any extract read greater than 100 ppm, an appropriate dilution was made and the measurement repeated.
High-performance liquid chromatographic method (HPLC). method appeared to be the least accurate of all methods. It was more variable and tended to overestimate the amount of nitrate present in the sample. It is a visual color comparison method, which can only be
The average percent recoveries for the SPEC and considered a rough estimate of the nitrate level.
NSE methods were closer to 100% than the other methods, which were greater than 100% (Table 1) . The SPEC and NSE methods also had similar SD of recovery, suggesting that they may be better methods for estimating nitrate levels in forage. Since the HPLC method had a number of values that were outliers and all values were used to determine the average, this affected the percent recovery for the HPLC method. The SPOT Because repeated measurements of the same sample by a specific method is an indication of the method precision, the NSE method appeared to have the greatest precision as it had the lowest %CV (Table 2 ). The other methods had similar %CV, which were not significantly different. A large %CV on interlaboratory check samples has been reported. 7 However, when their data are evaluated using the results of the 9 laboratories that used the NSE method, the %CV was much lower. Evaluating their data with ours, it appears that the NSE is the most reproducible method for determining forage nitrate.
As mentioned earlier the HPLC method had a number of outliers; this resulted in a higher method %CV for the HPLC than would have been obtained if the outliers were omitted from the average and %CV. We observed that 3 of the replications would give similar results and 1 replication would be quite different for some of the samples. These apparent outliers obtained by the HPLC method were reproducible, suggesting something happened to the nitrate in the extract between the time that the other analyses were completed and the HPLC analysis. The extracts were frozen prior to the HPLC analysis; however, any microbial and/or chemical reduction of the nitrate would affect the values. Since this study was completed, we have noticed that nitrate will be lost from the extracts sitting overnight at room temperature. This was verified by performing the SPOT and HPLC analyses of extracts the day of extraction and the following day. Because of relatively large CV of some samples, independent of method of analysis, at least duplicate extractions and analyses should be performed.
Producers and consultants have expressed a concern that when they submit forage samples to 2 different laboratories for nitrate analysis, the results are often different. There are several possible explanations for this difference. The nitrate content of forages may vary within a field or stack of harvested forages. Different laboratories may be using not only different analytical methods but also different extraction techniques. These 2 differences should not produce large discrepancies, but as can be seen from this report and a previous interlaboratory report, 7 the potential for large errors or differences does exist. Thus, before condemning a forage because of high nitrate, resampling and reanalysis should be performed. * Forage samples were selected to represent varying levels of nitrate and various forages: oat hay, sorghum-Sudan hay, grass hay, fresh clippings from grass pastures, and alfalfa-pigweed hay.
† The methods used were diphenylamine spot plate (SPOT), spectrophotometric method (SPEC), nitrate-selective electrode (NSE) and high-performance liquid chromatography (HPLC).
‡ Values represent mean concentrations (%) and %CV of 4 repetitions.
§ Value represents the average percent coefficient of variation for all samples within that method; those without common superscripts are different (P < 0.05). 1.
2.
3.
